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Protein biogenesis: Chaperones for nascent polypeptides
Joachim Rassow and Nikolaus Pfanner
A number of molecular chaperones have been found to
interact with nascent polypeptides attached to
ribosomes, allowing these protein-synthesis machines
to play a key part in protein folding and targeting.
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Ribosomes translate the information contained in mRNAs
into the primary structure of proteins. To become func-
tionally active, however, proteins need much more than
their primary structure. They have to adopt their native
three-dimensional structure, and to find their functional
location, which in many cases includes translocation across
biological membranes. A series of recent papers has pro-
vided new insights into the role of several factors that
allow ribosomes to participate actively in these additional
processes, demonstrating that ribosomes not only are the
machinery of protein synthesis but are also involved in
protein folding and targeting.
About ten years ago, a ribosome-associated protein of
63 kDa which can bind to unfolded polypeptide chains
was identified in Escherichia coli and was suggested to
trigger  secretory proteins to adopt a translocation-compe-
tent conformation [1,2]. The protein was consequently
named ‘trigger factor’. Subsequent genetic studies
showed, however, that trigger factor was not essential for
protein secretion [3]. The story of the trigger factor has
now been given a new twist by several reports [4–7]. Two
of these include the observation that the trigger factor is a
peptidyl-prolyl cis/trans isomerase (PPIase).
So far, three classes of PPIases are known: first,
cyclophilins, which can be specifically inhibited by
cyclosporin A; second, FK506-binding proteins (FKBPs),
which can be inhibited by the drugs FK506 and rapamycin;
and third, parvulins, a group of PPIases which do not react
with these inhibitors. The enzymatic activity of trigger
factor first became evident in a systematic screen for new
PPIases in E. coli [4]. The PPIase activity was found in a
complex with the large (50S) subunit of ribosomes and
revealed its identity with trigger factor in amino-terminal
sequencing. The enzyme was characterized in vitro, and
found to be an extraordinarily efficient PPIase. 
In its pattern of activities towards different peptide sub-
strates, trigger factor resembles PPIases of the FKBP
family. Is trigger factor a new member of this group?
Sequences of trigger factors are only known from E. coli
and Campylobacter jejuni, and neither shows any obvious
overall homology to known PPIases. A more detailed com-
parison of the sequences revealed a limited similarity of
trigger factor and the substrate-binding pocket of FKBPs
[5,8], but the PPIase activity of trigger factor is not inhib-
ited by FK506 [4]. Similarly, cyclosporin A does not
inhibit the PPIase activity of trigger factor. It remains
open whether trigger factor belongs to the FKBP family or
represents a fourth class of PPIases.
What does the trigger factor PPIase do at ribosomes? Two
groups have recently identified trigger factor in attempts
to characterize molecular chaperones from the E. coli
cytosol that interact with nascent polypeptide chains [5,6].
Interestingly, it was found that trigger factor can interact
with nascent secretory proteins as well as non-secretory
proteins, indicating that the function of trigger factor may
not be restricted to the secretory pathway. The results
indicate that trigger factor is a PPIase which co-transla-
tionally interferes with the folding of nascent polypep-
tides, and shows a general affinity for nascent
polypeptides without obvious specificity (Fig. 1).
The new results reveal two different aspects of trigger
factor. Trigger factor binds to nascent polypeptides, indi-
cating a function as a molecular chaperone, and it exhibits
PPIase activity, which is generally regarded as distinct
from chaperone function. Chaperones are defined by their
ability to bind non-native substrate proteins in stoichio-
metric amounts, keeping them in a soluble state and pre-
venting non-productive folding pathways (aggregation)
[9]. In contrast, PPIases can act in catalytic amounts, and
are defined by an enzymatic activity that accelerates a rate
limiting step in protein folding [10]. Trigger factor seems
to have both functions. By this, the trigger factor story
adds to the general question of the physiological relevance
of PPIase activities in the cell.
Although the enzymology of some PPIases has been very
well characterized in vitro, evidence for any relevance of
this activity in vivo is scarce [10]. Cyclosporin A has an
inhibitory effect on protein folding in the cytosol and in
the endoplasmic reticulum (ER) [11,12]. More recently,
similar effects on protein folding in mitochondria could be
traced to the activity of a distinct cyclophilin [13,14]. This
mitochondrial cyclophilin seems to function as a
monomeric enzyme rather than as a chaperone — there is
no evidence for a stable association between the
cyclophilin and its substrate. Small, soluble and
monomeric PPIases are thought to function preferentially
as enzymes which accelerate the folding of at least some
proteins in the cell. Trigger factor, however, is not the
only larger protein which shows additional functions
besides a PPIase activity. Other intriguing examples are
the complexes of PPIases with calcium-release channels of
the ER membrane [15], and with the heat-shock protein
Hsp90 and steroid hormone receptors [16]. The PPIases
appear to function in these systems without any require-
ment for prolyl isomerization. NinaA is a membrane-
bound cyclophilin homolog of Drosophila, which was
demonstrated to be a specific chaperone protein. No func-
tional relevance of its PPIase homology has yet been
found [17]. It also has to be kept in mind that the effects
of cyclosporin A and FK506 in immunosuppresion are not
caused by an inhibition of PPIase activities (reviewed in
[18]). It will be interesting to test whether trigger factor
requires its PPIase activity to function in vivo.
What are the specific functions of trigger factor as a molec-
ular chaperone? The new data suggest that trigger factor is
the first factor to bind to a nascent polypeptide chain, and
unique in binding to all proteins as they are synthesized.
The chaperone proteins DnaK (Hsp70) and GroEL
(Hsp60) were found to co-fractionate with ribosomes, but
not in complexes with the nascent chains [5]. Whereas
trigger factor is a universal nascent-chain-binding protein,
the E. coli signal recognition particle (SRP) was found to
be a specific factor that binds to leader sequences of
secreted and membrane preproteins [6]. SRP interacts
with the protein FtsY, which is located in the cytosol and
in part at the cytoplasmic membrane, and shows similarity
to the eukaryotic SRP receptor (reviewed in [19]). It is
known from previous work that SRP and trigger factor can
interact with the same substrate. Binding of SRP to
nascent preproteins increases when the concentration of
trigger factor is reduced [3,20].
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Nascent polypeptide chain-binding proteins and molecular chaperones
that interact with newly synthesized proteins. Trigger factor and NAC
are chaperones with a general affinity for nascent polypeptides, and
they are the first factors to bind at the exit tunnel of the large subunit of
a prokaryotic or eukaryotic ribosome. At eukaryotic ribosomes (and
possibly also at prokaryotic ribosomes), cytosolic Hsp70 can bind as
an additional general chaperone, at a later stage of translation.
Proteins are subsequently transferred to more specific chaperones.
Eukaryotic SRP consists of six polypeptides and one RNA molecule;
prokaryotic SRP consists of only one polypeptide and an RNA, both of
which are homologous to the corresponding components of eukaryotic
SRP.
Trigger factor can be regarded as a general chaperone, and
SRP as a secretion-specific factor [6]. The major secretion-
specific molecular chaperone that keeps its substrate pro-
teins in a translocation-competent state is SecB [21].
Deletion of the SecB gene results in increased dependence
on SRP. The role of trigger factor in this system is illus-
trated by the observation that, in a secB null strain,
reduced levels of trigger factor stimulate protein export,
apparently by facilitated binding of SRP to the secretory
proteins, whereas overexpression of trigger factor impairs
protein export [3]. Transfer of proteins to the molecular
chaperone GroEL may even involve direct binding of
trigger factor to GroEL. Kandror et al. [7] characterized the
interaction between both proteins and a substrate
polypeptide, and found that trigger factor stayed bound to
GroEL under conditions in which the substrate polypep-
tide is released.
The E. coli trigger factor can also interact with newly syn-
thesized proteins at eukaryotic ribosomes [5,6]. However,
a eukaryotic trigger factor homolog has not yet been
described. The functions of trigger factor may be fulfilled
in eukaryotes by other proteins. Some of the binding
properties of trigger factor are reminiscent of a protein
complex in the eukaryotic cytosol which was identified
only recently and named nascent polypeptide-associated
complex (NAC) [22,23]. NAC is a heterodimeric complex
of 33 kDa and 21 kDa proteins, and seems to be the first
factor that binds to nascent polypeptides in the eukaryotic
cytosol (Fig. 1).
NAC was suggested to be not only a general nascent
chain-binding complex, but also a “global ribosome-
binding prevention factor” [23]. In the absence of addi-
tional factors, eukaryotic ribosomes have an intrinsic
binding site for a receptor at the ER membrane. This ribo-
some receptor was identified as the Sec61p complex [24].
NAC seems to block the corresponding binding site at the
ribosome. The block can be overcome by eukaryotic SRP,
allowing co-translational import of proteins into the ER.
SRP is known to bind specifically to hydrophobic signal
sequences of secretory proteins and to the SRP receptor
(docking protein) of the ER membrane [25]. Some func-
tions which were previously thought to depend solely on
SRP, now appear to depend on an interplay between SRP
and NAC. Thus, both eukaryotic SRP/SRP receptor and
prokaryotic SRP/FtsY may function by promoting escape
of nascent polypeptides from the general chaperone path-
ways of NAC and trigger factor.
No ribosome binding site has yet been identified on mito-
chondrial membranes. Targeting of preproteins to the
mitochondrial import receptor Tom70 is facilitated by the
mitochondrial import stimulating factor (MSF) [26]. It
would be interesting to see whether MSF, in contrast to
SRP, is NAC-independent. NAC may also encounter
those chaperone proteins that were found by Frydman et
al. [27] in a complex with nascent firefly luciferase. The
authors demonstrated that Hsp70, the DnaJ homolog
Hsp40, and the chaperonin TRiC (‘t-complex polypeptide
1 ring complex’) bound to the model protein and were
necessary for efficient folding. Cytosolic Hsp70 may be a
second general nascent-chain-binding protein, in addition
to NAC, albeit one that acts at a later stage of protein
synthesis [28,29].
The data on NAC and trigger factor provide the first clues
as to a distinction between early interacting general chap-
erones and subsequently acting, specific chaperones. NAC
and trigger factor appear to mediate the transfer from the
general conditions of protein synthesis to the divergent
pathways of protein folding, secretion and import into
organelles.
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